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Abstract—An integrated spectrum analyzer is useful for built-in
self-test purposes, software-defined radios, or dynamic spectrum
access in cognitive radio. The analog/RF performance is impaired
by a number of factors, including thermal noise, phase noise, and
nonlinearity. In this paper, we present an integrated circuit with
two integrated RF-frontends, of which the outputs are crosscorre-
lated in digital baseband. We show by theory and measurements
that the above-mentioned impairments are mitigated by this
technique. The presented 65-nm CMOS prototype operates at
1.2 V, and obtains a noise floor below 169 dBm/Hz, an
of 25 dBm, and more than 20 dB of phase-noise reduction. In
a special high-impedance mode, an even lower noise floor below
172 dBm/Hz is obtained.

Index Terms—Built-in self-test (BIST), cognitive radio, crosscor-
relation, dynamic spectrum access, noise reduction, spectrum an-
alyzer (SA), spectrum sensing.

I. INTRODUCTION

W IDEBAND integrated receivers for software-defined
radios (SDRs) face several significant challenges due

to the required wideband operation. Limited filtering before the
signal enters the chip causes strong interferers in combination
with the circuit’s nonlinearity to create distortion products.
These same interferers impose gain limitations on the receiver
chain, causing thermal noise to degrade the performance as
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Fig. 1. Illustration of SFDR limitation due to noise and nonlinearity. The ex-
ample SA has dB and dBm and uses kHz.
The true input powers are indicated by circles. (top-left) Input, (top-right) output
with 0-dB attenuation, (bottom-left) output with 48-dB attenuation, and (bottom-
right) output with 28-dB attenuation.

well. Furthermore, widely tunable frequency generation gen-
erally results in higher phase noise. Reciprocal mixing with
strong interferers results in high noise levels.
An integrated spectrum analyzer (SA) could aid an SDR in re-

ducing these problems. By identifying the frequency and power
of signals in the spectrum, it can enable the SDR to optimally
tune its settings, such as the choice of IF center frequency to
avoid a difficult image problem, or to set the center frequency
of a notch filter to notch out a large blocker [1], [2]. Moreover,
an SA is indispensible for cognitive radio or dynamic spectrum
access, where the paradigm is to choose the frequency band
for communication based on locally and temporarily unused
spectrum. The detection of very weak signals in the presence
of strong signals in adjacent channels calls for a high dynamic
range. An integrated SA can also measure and process the in-
ternal high-frequency signals for built-in self-test (BIST), in-
cluding high dynamic-range tests such as measuring receiver

or small in-band spurs of a transmitter. This can save on
pin-count, expensive test time, and when used for self-calibra-
tion, more robustness over process, temperature, and process
variations. Finally, an integrated SA can enable the production
of lower cost laboratory equipment.
An integrated wideband SAwill suffer from the same nonide-

alities as a wideband receiver. An illustration of the effects of
two nonidealities, noise and nonlinearity, is given in Fig. 1. Six
sinusoids, with a power ranging from 80 to 0 dBm, are applied
to the input of the SA (top-left). An ideal SA would show this on
its display. The example SA has a noise figure (NF) of 20 dB and
a of 10 dBm, and its output spectrum is shown top-right.
The displayed average noise level (DANL) per hertz bandwidth,

0018-9480/$31.00 © 2013 IEEE
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, is equal to dBm/Hz so the DANL
is 104 dBm for the resolution bandwidth (RBW) of 100 kHz
in this example. The distortion products completely obscure the
weak signals and appear as many additional relatively strong
signals. These can be reduced with attenuation at the input, as
shown bottom-left. Unfortunately, the DANL is now higher than
the weakest signals, thus they are still difficult to detect. The op-
timum is found with the strongest distortion component roughly
at the level of the DANL (bottom-right). The required attenua-
tion can be easily calculated: referred to the input, 1 dB of atten-
uation increases the DANL by 1 dB and reduces the third-order
distortion components by 2 dB.
Still, the weakest signal is below the DANL. The RBW de-

fines the frequency resolution; the higher it is, the more noise is
present (assuming white noise), and thus the higher the DANL
will be. Thus, for a sinusoid, lowering the RBW helps. The
strongest and weakest signal that can be detected at the same
time is indicated by the spurious-free dynamic range (SFDR),
which can be formulated as (assuming it is limited by noise and

) [3]

(1)

where is specified in dBm, in dBm/Hz, and
RBW in Hz. For the example SA, the SFDR is 76 dB, which is
below the required 80 dB. A sinewave has a bandwidth of 0 Hz
so the RBW can be lowered to improve the SNR. For other
signals, lowering the RBW has a limit: at some point both the
noise power and signal power decrease.
An SA does, however, have one advantage: it does not have

to demodulate the received signals. This gives a degree of
freedom, which is exploited in this work to improve the SFDR.
In [3], we introduced the concept of crosscorrelation to improve
linearity and reduce thermal and phase noise of an SA. The
basic principle is to split the input signal, use two receivers and
crosscorrelate their outputs to arrive at a power estimate. With
identical input signals, but independent noise contributions, the
noise averages out and the signal remains.
In this paper, we present a prototype with fully integrated

RF-frontends exploiting this crosscorrelation concept. Parts of
this work have been presented in [4], but here we add additional
measurements, implementation details and analyses. We also
present an additional unmatched (or “highZ”) mode for better
noise performance. When crosscorrelation spectrum sensing is
not required, the second receiver may simply be turned off. Al-
ternatively, each receiver may be connected to individual an-
tennas for multiple-input multiple-output (MIMO) reception or
to receive a separate band. Therefore, measurement results of a
single receiver are also presented.
In Section II, we describe the principle of crosscorrelation

spectrum sensing and how crosscorrelation can be used to
alleviate the analog impairments. Section III describes our
implementation in detail, followed by measurement results in
Section IV. We end with conclusions in Section VI.

II. CROSSCORRELATION SPECTRUM SENSING

The key concern is measuring the power of an unknown
signal in a certain frequency band. The principle of power

Fig. 2. Crosscorrelation system is a generalization of a standard SA. (a) Block
diagram of an SA (one receiver). (b) Block diagram for crosscorrelation (two
receivers).

detection in an SA is first discussed in Section II-A, after which
the principle of crosscorrelation spectrum sensing is explained
in Section II-B. We then discuss how crosscorrelation can be
used to improve linearity in Section II-C and phase noise in
Section II-D.

A. Power Detection in an SA

A block diagram of an SA is shown in Fig. 2(a). The receiver
chain, which typically includes an antenna that picks up signal

, a low-noise amplifier (LNA), a mixer, some amplifiers and
filters, and an analog-to-digital converter (ADC), is modeled as
a device that only adds some noise (frequency translation and
phase shifts are ignored in this model). The combination of
(with power ) and (input-referred) noise (with power )
is denoted as . This is filtered in each path by a filter with
bandwidth and then sampled at the Nyquist rate, resulting
in the complex receiver output . The power is estimated by

. This is a form of autocorrelation, as
the output signal is being correlated with itself; hence, the “ ”
subscript. Note that with being the com-
plex conjugate of . The complex conjugate (“conj”) block)
is explicitly shown in Fig. 2(a) to illustrate the similarities with
Fig. 2(b).
The measurement variance is proportional to .

A large variance obscures small signals so should be large
enough to reduce the variance. The DANL is the average noise
level as would be displayed on the screen of an SA, and is thus
equal to .
The power of the noise can be estimated and subtracted from

the measured results, but the estimation will always have some
error and device noise changes over time, frequency, and with
temperature.1 This means that weak signals below a certain SNR
will not be detectable, even for infinite measurement time. In the
context of cognitive radio, this minimum signal-to-noise ratio
(SNR) is called the SNRwall, a term coined by Tandra and Sahai
[5].

1In the Agilent PXA spectrum analyzer, the so-called noise floor extension
(NFE) does exactly this. With NFE turned on, reduces from 154 to
162 dBm/Hz at room temperature. If the estimation were perfect, it would be

reduced to the thermal noise of the matched input source: 174 dBm/Hz.
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Fig. 3. When the ADCs can sample sufficiently fast, multiple channels may be
processed simultaneously in the digital domain, e.g., by using FFTs (and win-
dowing). The multiply-accumulate (MAC) blocks perform the multiplication
and summation, as depicted in separate blocks in Fig. 2(b).

A fast Fourier transform (FFT) (or other digital signal
processing (DSP) techniques) may be employed in the digital
domain to simultaneously sense multiple channels within this
bandwidth , as shown in Fig. 3. This allows low-cost flexible
spectrum analysis, as the RBW can be easily changed by using
a (windowed) -point FFT to divide the bandwidth into
subbands of Hz. With rectangular windowing and

using nonoverlapping FFTs, each subband will have
independent samples available.

B. Principle of Crosscorrelation Spectrum Sensing

In [6], it is shown that crosscorrelation can lower the SNR
wall without degrading linearity, thus allowing signals at
smaller SNR to be detected. The basic principle is depicted
in Fig. 2(b). The input signal is split and processed by two
separate, but otherwise identical receivers, each of which
adds its own independent noise ( and , respectively, with

) to the input signal. The splitter (and possibly
subsequent components) may introduce some noise that is
present in both receivers, and can thus be referred to the input
as . The receiver outputs and are combined as

(2)

where denotes the complex conjugate of , and the
number of complex samples taken. The subscript is used to
indicate its relation with crosscorrelation. With ,
where takes the real part [6]

(3)

Any uncertainty in and only influences the variance,
which is reduced by increasing the measurement time. Thus,
in going from Fig. 2(a) to Fig. 2(b), as much as possible of
should be moved to and , and as little as possible to .
With crosscorrelation, the final DANL of the SA can be much
lower, as can be much lower than .
In a practical implementation, the receivers will contain one

or more mixers to perform frequency conversion, and local os-
cillators (LOs) to drive these mixers. The phase of the LO is
transferred to the frequency-converted output of the mixer so
any phase difference that may exist between the LOs of the

two receivers will directly cause a phase difference of the input
signal at the two receiver outputs. Moreover, practical nonide-
alities, such as asymmetry in the splitter or mismatch in com-
ponent values, may introduce a phase shift between the two
receivers. For the desired signal component,

, resulting in loss of signal power. A simple

solution is to take as metric, which is done in this
work. The statistics then become (with and being long
expressions involving the signal and noise components) [6]

(4)

The DANL converges for large to .

C. Linearity Improvement

At some point, the first stage (which is often an LNA) will
limit the total linearity. A way to increase linearity then is to
attenuate the input signal, which is also what is done in com-
mercial SAs. We assume a matched system with resistive at-
tenuators so the NF of the attenuator is equal to its loss in dB.
Similarly, (in dB) is improved by the attenuator loss.
From Fig. 2(b), it follows that if the attenuator is placed di-

rectly behind the antenna, all its noise will be present in both
receivers. If it is placed after the splitter, it turns out that re-
mains unaffected, as derived in [3]. In principle, the linearity can
be arbitrarily increased without affecting the DANL, but 3 dB
more attenuation requires a longer measurement time.

D. Phase-Noise Reduction

Phase noise manifests itself mostly around strong input
signals via reciprocal mixing, thereby obscuring weak signals
in the vicinity. Similar to thermal noise, phase noise can be
reduced by crosscorrelation at the cost of measurement time. It
requires each receiver to employ a separate oscillator, as is also
done in some professional phase-noise analysis devices [7].
Their phase noise will be uncorrelated, apart from the phase
noise of a common (external) reference (the generators need to
be frequency locked), which can be very low.

III. IMPLEMENTATION

An implementation exploiting crosscorrelation needs two
linear receivers, with an attenuator for each receiver to boost
linearity. The attenuator should have low insertion loss (IL) in
its bypass state to not degrade NF more than necessary.
The passive mixer-first architecture used in [3] lacks isolation

between the front-ends, which limits the obtainable phase noise
reduction. It also prohibits the use of a frequency offset between
the two receivers, which is useful when two bands should be re-
ceived simultaneously, or harmonic rejection (HR) techniques
employing crosscorrelation are required [8]. A solution is pro-
vided by [9], where the voltage swings are kept low at RF to im-
prove linearity. At baseband, feedback techniques can improve
linearity to handle voltage swings.
Fig. 4 shows the system diagramwith the parts that are imple-

mented on-chip in the dashed box. In our implementation, the
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Fig. 4. System diagram of the proposed system with the dashed box indicating
the parts integrated on-chip.

Fig. 5. Chip can be reconfigured to several modes. (a) Single-receiver mode.
(b) Matched mode. (c) HighZ mode.

attenuator is followed by a low-noise transconductance ampli-
fier (LNTA) for input power to current conversion. The output
current of the LNTA is then mixed down by a passive mixer em-
ploying an HR architecture. Following circuitry is left off-chip
to allow for more experimental freedom and to more easily mea-
sure the achieved RF linearity.
A transimpedance amplifier (TIA) with feedback at the

baseband is used to convert the current to a voltage, while at the
same time providing a first-order low-pass filter to limit the IF
bandwidth. This low-pass filtering will attenuate blockers be-
fore they generate a large swing, thus improving overall lin-
earity. The inputs of the TIA (implemented with a TI-THS4130
opamp) act as a virtual ground, reducing the swing at the output
of the LNTA, improving its linearity. The TIAs are followed by
more amplification to properly interface with the ADCs, which
are preceded by antialias filters.
When not used for crosscorrelation spectrum sensing, both

receivers may be operating standalone. A switch is then re-
quired to (dis)connect them. This gives the configurations in
Fig. 5(a) and (b); how to implement the change in impedance
is discussed later. Furthermore, we have implemented a mode
where both receivers have a high-ohmic input impedance, re-
ferred to as “highZ,” as shown in Fig. 5(c). The reason for this
mode will be explained in more detail in Section II-B.

A. Attenuator

The attenuator is used to improve the linearity of the receiver,
while the additional noise is reduced through crosscorrelation.
Thus, the attenuator should not limit linearity itself. We assume
that both the attenuator and receiver are in the weakly nonlinear
region with only odd-order distortion

(5)

Fig. 6. Circuit-level implementation of the attenuator. Correct sizing of the
transistors cancels the third-order nonlinearity of the on-resistance.

(in V ) of the attenuator is , and is
. Then

(6)

Thus, . An ideal atten-
uator has such that is . In
other words, dB with
being the attenuation in dB. To calculate the allowable , and
thus the required , we solve (with being the allowable
deterioration of as compared to an ideal attenuator)

(7)

Here we assumed a compressive nonlinearity, where has
the opposite sign from . For 1 dB of allowed deterioration

, dBm . If
dBm and dB, dBm is required.
A resistor ladder would bemost linear with an LNTA attached

to each node. This consumes a lot of area and is not suitable for
our LNTA topology. Thus, an attenuator is desired that functions
as a two-port, with one matched input and one matched output.
This can be obtained by a -attenuator configuration, as shown
in Fig. 6.
Several settings are implemented (single ended) with 2-, 6-,

and 10-dB attenuation. The resistors in series with the gate im-
prove bandwidth and reduce the effect of the nonlinear capac-
itance [10]. The transistors are sized such that the third-order
distortion from the series transistor is to a large degree canceled
by the third-order distortion of the parallel transistors. This tech-
nique achieves high linearity with small switches for improved
bandwidth and less feedthrough, and is described in more detail
in [10]. An additional large bypass switch is added as a 0-dB
setting; it gives only 0.1-dB IL.
The input impedance needs to be 50 when the receiver is

used for regular reception, and 100 when two receivers are
put in parallel for crosscorrelation spectrum sensing. Therefore,
each setting is designed for 100- input and output matching,
and two of them are put in parallel to enable 50- input
matching.
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Fig. 7. Circuit-level implementation of one LNTA slice (half-circuit shown).

Fig. 8. Small-signal equivalent circuit for LNTA noise analysis in all modes.

B. LNTA

The LNTA consists of seven identical fully differential slices.
It has a differential input and is based on the design of [9]. A
half-circuit of one slice is shown in Fig. 7. The seven slices
of the LNTA are combined in a 2:3:2 ratio to approximate the
ideal 1: :1 ratio of an HR mixer to suppress the third and fifth
harmonic of the square-wave LOs.2

A common-gate (CG) stage ( and ) provides matching:
each transistor has mS so with seven slices in par-
allel, this amounts to . By
selectively turning zero, one or two transistors on per slice, a
highZ, 100- or 50- input impedance can be obtained, respec-
tively. The common-mode feedback (CMFB) circuit makes sure
that the output remains biased at half the supply voltage to en-
able maximum output swing. A common-source (CS) stage [

mS) and mS ] provides additional
gain. provides the bias current for and , which is
shunted by the external inductor of 100 nH that is shared by all
slices.
The CG-CS configuration has the ability to cancel the noise of

the CG stage if their gain has the same magnitude, but opposite
phase [14]. In our implementation so the can-
cellation is only partial. For the noise analysis, we consider the
transistors as ideal voltage-controlled current sources with noise
power spectral density (PSD) equal to W/Hz, with
being the noise excess factor of the transistor (usually some-
where between 2/3 and 3/2). A small-signal equivalent circuit
is shown in Fig. 8.

2An HR mixer removes certain harmonics of its LO by summing properly
amplified versions of the input signal with properly phase-shifted versions of
the LO. It is a commonly used technique in wideband receivers, see e.g., [9],
[11]–[13].

Define ,

mS, . With crosscorre-
lation, two LNTAs will be in parallel: define in that case,
and define when the two receivers are disconnected. The
output current of the first receiver is equal to

(8)

with being the transfer from noise current to ,
which can be easily derived from the small-signal equivalent
circuits. Note that with our approximations, , and
when , . The following expression
for the noise factor can then be obtained:

(9)

For , the NF in 50- mode mS is 3.0 dB.
In 100- mode mS , when the other receiver is
connected and in 100- mode as well, the NF is 3.8 dB. In the
highZ mode , it results in a NF of only 1.0 dB. This
is all within 0.1 dB from simulation results.
Part of the LNTA and the following stages contribute inde-

pendent noise in the individual receivers so, at this point, we
can calculate the DANL expected after crosscorrelation. We are
interested in the product of the receiver outputs, as this is effec-
tively the used PSD estimate using crosscorrelation [see (2)].
By noting that crossterms involving noise components from dif-
ferent devices have an expectation of 0, we can find

(10)

Due to symmetry, , ,
etc. Using ,

, and the fact that the transfers are in the idealized
situation not frequency dependent, it is possible to find a “cor-
related noise factor” similar to (9),

(11)

The result is that for , dB in the 100-
mode. In other words, after crosscorrelation for long enough
time, should converge to 172 dBm/Hz. The residual
noise correlation is caused by the CG-noise currents flowing
between the two receivers, as is illustrated in Fig. 5(b).
From (11), it is clear that if , , and thus,

. This is the case for the highZ mode: Fig. 5(c) il-
lustrates this effect by showing zero current flow between the
two receivers, compared to nonzero current flow in the 100-
mode. After long enough crosscorrelation, all receiver noise
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Fig. 9. simulation of cascade of LNTA and mixer at MHz.

is removed, and only the noise from the source will remain:
will be equal to 174 dBm/Hz.

C. Mixer and LO

An externally applied clock is divided by 8 to generate an
eight-phase LO with 1/8 duty cycle at an eight times lower fre-
quency. This eight-phase LO drives the HR mixer, which steers
the LNTA outputs currents to a differential in-phase/quadrature
(I/Q) output.
Fig. 9 shows a plot of for the cascade of LNTA and

passive mixer (driven by an ideal LO), where the width of the
mixer switches is swept. The impedance from mixer output to
TIA input and the nonideality of the TIA are simulated as an
ideal 10- resistance ( is determined at these 10- resis-
tors). Larger mixer switches require a more power-hungry clock
driver so a width of 25 m is used to obtain a simulated of
around 16 dBm for the cascade, in both 50- and 100- mode.
In both cases, the choice is less than 1 dB from the simulated
optimum at a width of 40 m.
The LO-generation circuitry is shown in Fig. 10. It first con-

verts a differential sine-wave input to a square wave, which is
then used to drive a circular shift register. One flipflop is pre-
loaded with a “1”, and all others with “0”. In this way, the eight
outputs have a duty cycle of 1/8. The maximum input frequency
is 8 GHz (limited by the reset circuitry) so the maximum LO fre-
quency is 1 GHz.
The shift-register outputs are buffered by clock drivers to

drive the mixer switches. A small overlap of the clock phases,
which can occur due to mismatch, can result in significant noise
degradation. Therefore, the clock drivers internally employ
asymmetric rise and fall times to slightly reduce the duty cycle
to nominally 1/9.

D. On-Chip Receiver Connection

The two receivers on-chip are identical. For easier printed
circuit board (PCB) routing (one differential transmission line
per side), the second receiver is rotated 180 with respect to the
other (no strict receiver matching is required [3]). This requires
a long on-chip wire ( 1 mm) to connect them, as shown in
Fig. 12.
To connect or disconnect the two receivers, a series-shunt

configuration is used, as shown in Fig. 11(a). This configuration
improves the isolation between the two receivers in standalone
mode, and isolates the input from the parasitic capacitance of
this long line. With the switches sized to have 2- on-resistance

Fig. 10. LO-generation circuitry with: (a) clock input and (b) shift register to
generate eight-phase LO.

Fig. 11. Two receivers can be (dis)connected. (a) Circuitry (the negative inputs
are connected in an identical way). (b) Isolation measurements.

each, and an ohmic loss of 2 for the wire, 0.5-dB IL is added
for the second receiver.

IV. MEASUREMENTS

The chip is implemented in 65-nm low-power CMOS oper-
ating at 1.2 V, with an area (including bondpads) of 1 1 mm .
A photograph is shown in Fig. 12. The active area excluding
decap is 0.15 mm .
When the receivers are used standalone, they should be suf-

ficiently isolated. With both receivers connected on-chip, both
with 0-dB attenuation and in 100- mode, we measured the
output power of the second receiver for a certain input power ap-
plied to the RF input of the first receiver. We then disconnected
both receivers and put them in 50- mode (again at 0-dB attenu-
ation), again measuring the output power of the second receiver
for the same input power applied to the first receiver. The power
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Fig. 12. Chip micrograph.

Fig. 13. Measurements of: (a) power consumption of the LO circuitry and
clock drivers and (b) LO radiation at the antenna in the two matched modes.

difference between these two measurements shows the isolation
between the receiver inputs when they are disconnected, and the
result is shown in Fig. 11(b). More than 80 dB of isolation is ob-
tained up to 0.8 GHz, after which it drops to just below 60 dB
at 1 GHz.
Fig. 13(a) shows the power consumption of the LO cir-

cuitry per receiver: it scales almost linearly from 7.5 mW at
GHz to 20.4 mW at GHz. The differ-

ential implementation makes sure that LO leakage from the
mixer to the input is low, and the LNTA and attenuator further
attenuate this. The measured LO radiation (0-dB attenuation)
is shown in Fig. 13(b) and is well below 70 dBm, and scales
with the attenuation (not shown), as expected. The on-chip
RF circuitry consumes 15.3/12.8/10.3 mW per receiver in the
50- 100- highZ mode.
In the following measurements, the IL of cables and hybrid,

but not the PCB, have been corrected for in the measurement re-
sults; off-chip baseband circuitry is not de-embedded. The feed-
back resistance of the TIA is 1 k , and the feedback capacitance
is 8 pF for 20-MHz bandwidth. The antialias filters have a cutoff
frequency of 8 MHz, and the ADCs sample at 10 MSa/s, re-
sulting in a noise floor that is slightly higher near the Nyquist
frequency in digital baseband due to aliasing.

Fig. 14. Measurement results of two receivers in parallel for all attenuation
settings (black lines and circles for receiver 1; triangles for receiver 2). Some
simulation results are shown as gray lines.

A. Two Receivers in Parallel

Measurement results of two receivers in parallel, each with
100- input impedance, are shown in Fig. 14. Matching

dB at 0-dB attenuation is obtained from 150 MHz (lim-
ited by the external inductor) to 650 MHz (limited by capaci-
tance of the attenuators, LNTAs, four bondpads, and the long
interconnect). At higher attenuation, the inductor and a large
part of the capacitance is shielded by the resistive attenuator so
that matching is achieved from below 100MHz to above 1 GHz.
At 0-dB attenuation, the gain is around 30 dB, and varies

2.2 dB over the whole band, which closely matches simulation.
The NF is around 10 dB, which is almost 3 dB more than simu-
lated. Even after extensive searching and debugging, the cause
of this discrepancy has not been found. The gain (NF) of the
other receiver follows that of the first, but is 0.2–0.6 dB lower
(higher) as expected. The gain curves are lowered by the atten-
uation, and maintain the same shape.
At 0-dB attenuation, the 1-dB compression point (CP) in-

creases from 0 dBm at 300 MHz to around 3 dBm at 700 MHz
and above. is very close to simulation results at around
15 dBm over the whole band, except below 400 MHz where

it is a bit higher. Both CP and increase 1 dB per dB with
the attenuation (CP at 10-dB attenuation is above 12 dBm; we
did not raise the input power further due to risk of oxide/junc-
tion breakdown).
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Fig. 15. Crosscorrelation noise measurements at MHz. (a) Noise
floor as function of NMT (10-dB attenuation). (b) as function of NMT
for all settings.

B. Crosscorrelation

Fig. 15(a) shows the measured noise floor as a function of
NMT for 10-dB attenuation at MHz, where
equals the time required to obtain enough samples for one FFT
per receiver [100 s for the 10-kHz RBW in Fig. 15(a)]. The
DANL at is about 1 dB less than what would be
expected from Fig. 14. This is because we look at the expected
value of the absolute value of the accumulator output, and not
at the noise power at the output of a single receiver [3].
For an RBW of 1 MHz, obtaining enough samples for each

FFT (independent of the actual ADC sample rate) takes 1 s.
From Fig. 15, decreases from 155 to 167 dBm/Hz
after 600 FFTs (for 10-dB attenuation), improving SFDR by
8 dB, which takes only 0.6 ms, an acceptable time for many
purposes.
Fig. 16 shows the final after crosscorrelation, mea-

sured by inserting a known tone of low power at 1-MHz IF and
determining the noise floor around 1-MHz IF (the IF gain at
1 MHz is the same as at 1 MHz). Although the receiver NF is
almost 3 dB more than expected, it seems to contribute mainly
independent noise in each receiver, as the obtained
with crosscorrelation is close to the predicted 172 dBm/Hz.
Fig. 17 shows the measured spectrum of a modulated mul-

titone signal that was applied to the input of the system. As a
reference, the spectrum as detected by the individual receivers
is also shown. The spectral widening due to nonlinearity in the
signal generator can be observed much more clearly and with
greater accuracy in the crosscorrelation output.
In the presented system, the oscillators are external with good

phase-noise performance, which prohibits a visible improve-
ment in phase noise performance using our ADC board. There-

Fig. 16. Final obtained after as a function of RF fre-
quency and attenuation setting.

Fig. 17. Output of our SA (10-dB attenuation) when the input contains a modu-
lated 1-MHz-wide 100-multitone signal. The spectra of the individual receivers
are also shown.

Fig. 18. Measurement results for phase noise reduction using two PM-modu-
lated frequency-locked oscillators (at 0-dB attenuation).

fore, wideband PM modulation is applied to two frequency-
locked synthesizers from Agilent Technologies. In this way, the
phase noise of both LOs is independent and detectable. The ob-
tained spectra at 0-dB attenuation are shown in Fig. 18. As a
reference, the spectra of the individual receivers are also shown.
The phase noise is seen to be reduced by more than 20 dB. This
improvement is independent of the actual phase noise perfor-
mance of the LOs so it can also be used to make a good LO
look even better.

C. Single Receiver

With the receiver used for regular reception, the two receivers
are disconnected on-chip, as described in Section III-D. Each
receiver turns to 50- input impedance by reconfiguring the at-
tenuator and LNTA, as described in Sections III-A and III-B.
The results are shown in Fig. 19. They are in many ways com-
parable to the two-receiver case, which is why we only briefly
mention some differences here.
Disconnecting the receivers largely reduces the parasitic

capacitance at the input, which results in a much wider
matching bandwidth. With two CG transistors turned on for
50- matching, the transconductance of the LNTA is expected
to increase by about 1 dB, which is verified in the measure-
ments. Due to the lower capacitance, the gain curve is more
constant than for two receivers. The NF at 0-dB attenuation
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Fig. 19. Measurement results of a single receiver for all attenuation settings.
Some simulation results are shown as gray lines.

is measured at around 8 dB, which is again almost 3 dB more
than simulated. Compared to the two-receiver case, CP is lower
by about the same amount as the gain is higher. , on the
other hand, is very comparable, which is in agreement with
Fig. 9. It is likely that does not follow CP because there is
some distortion canceling in the LNTA, which only works in
the small-signal regime.

D. High-Impedance Mode

The noise correlation, which limits the measured
to about 171 dBm/Hz (see Fig. 16) is due to the matching at
the input. The inputs of the receivers can be made high ohmic so
that, in principle, no noise currents can flow from one receiver
to the other. This should not only obtain a higher sensitivity [6],
[15], but is also very interesting for BIST, where internal nodes
are preferably not loaded.
Themeasurement setup is exactly the same as for thematched

case. IL corrections due to wiring and the external hybrid are
corrected up to the input of the PCB with the integrated cir-
cuit (IC) matched. We model the source (signal generator) as a
voltage sourcewith 50- output resistance. The signal generator
assumes 50- matching, and can bemodeled as a voltage source
with 50- output impedance. It generates twice the voltage re-
quired for the desired power at a 50- load. With the cables
and hybrid also matched to 50 , the high-ohmic setting of the
IC will produce double the voltage compared to the matched
setting for the same source voltage. Since the MOS devices are
voltage controlled, this passive voltage gain improves measured
gain and NF. Similarly, the higher voltage swing degrades
and CP.
The transfer of the used hybrid (Tyco H-183-4) is not speci-

fied for terminations other than 50 , and its effect is not de-em-
bedded. The measurement results, shown in Fig. 20 for two
high-ohmic receivers in parallel, agree reasonably well with
simulations with an ideal hybrid. Note that resistive attenuation
does not make sense in this case, and thus only the 0-dB setting
is measured.

Fig. 20. Measurement results of two receivers in parallel with high-ohmic in-
puts (squares for receiver 1, triangles for receiver 2). Some simulation results
are shown as gray lines.

The measured return loss is less than 3 dB over the whole
band; most of the power is reflected, as desired. At higher fre-
quencies, parasitic input capacitance lowers the gain and in-
creases the NF. As one would expect, compression and linearity
curves also follow the gain curve.
Ideally, there will be no correlated noise in the two re-

ceivers, and the after correlation should be close to
174 dBm/Hz. The measurements indicate that this is almost

achieved: we measure a around 173 dBm/Hz, again
about 1 dB higher than predicted in Section III-B. Apart from
small calibration errors, this difference may be explained by
the shared low-ohmic ground that may introduce some noise
correlation, and the IL of the PCB, which directly translates to
a higher DANL.

V. BENCHMARKING

It is very hard to properly compare SAs because there are
so many different aspects to consider. Therefore, we limit our-
selves here to DANL and . Table I compares a number of
SAs, spectrum sensing solutions, and wideband receivers from
literature with our work. For the SAs, we have taken the values
given at 0-dB attenuation and without any (optional) preampli-
fiers turned on. For the integrated solutions, we have converted
reported NF or sensitivity values to . For , we use

dBm/Hz , and for sensitivity,
is set equal to the sensitivity in dBm/Hz. For our work, we have
included three cases: 0-dB attenuation, 10-dB attenuation, and
the highZ mode.
Without crosscorrelation, the linearity and DANL are compa-

rable with commercial SAs. With crosscorrelation, however, we
obtain a significantly lower noise floor, even lower than the PXA
with NFE enabled. Note that lowering the noise floor comes at
the cost of measurement time. The 10-dB attenuation setting re-
quires 1700 averages to get a of 168 dBm. Due to a
lower NF for the same , this is 2.5 times faster than a pre-
viously presented more discrete prototype [3]. Even though the
NFE in the PXA seems to be reducing the noise floor by 8 dB
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TABLE I
COMPARISON WITH IMPLEMENTATIONS FROM LITERATURE AND STATE-OF-THE-ART COMMERCIAL SAs

(TYPICAL VALUES AT 0-dB ATTENUATION; PRE-AMPLIFIER OFF)

B: commercial benchtop, C: CMOS, D: discrete components, H: commercial handheld, M: commercial outdoor monitoring
After crosscorrelation (for the PXA: with NFE enabled)
Additional time required to get within 1 dB of the final DANL
Taking into account only (improved) DANL and
Not stated in [12], but obtained from personal communication with the author

immediately (calibration of the noise level is done at start-up,
which takes some time), the variance is still the same as at the
level of 154 dBm/Hz. It takes an estimated 40 averages to get
a variance that belongs to a 162-dBm/Hz noise level.
Compared to spectrum sensing solutions in literature, we ob-

tain a much higher linearity and better DANL, even without
crosscorrelation. Note that [11]–[13] and [16] also have inte-
grated baseband components so the comparison may not be en-
tirely fair. Nevertheless, it still gives an indication that the per-
formance achieved by this technique is very promising.

VI. CONCLUSIONS

An integrated SA is desirable for SDR, dynamic spectrum ac-
cess, and BIST, but the design faces many challenges. Spectrum
analysis using crosscorrelation, which requires the use of two re-
ceivers, can reduce thermal noise and phase noise, and improve
linearity, at the cost of measurement time. This enables the de-
sign of an integrated SA with high-performance metrics. In this
work, we have shown a high-linearity design in 65-nm CMOS,
which operates at 1.2 V from 300 MHz to 1.0 GHz. It achieves
25 dBm and a of better than 169 dBm/Hz

at a power consumption of around 50 mW. When matching is
not required, the can be reduced even further to below
172 dBm/Hz.
Based on the results obtained, we conclude that crosscorrela-

tion with two linear frontends is promising to realize integrated
SAs in CMOS with high linearity and sensitivity.
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